Abstract-A wideband 2×2-slot element for a 60 GHz antenna array is designed by making use of two double-sided printed circuit boards (PCBs). The upper PCB contains the four radiating cavity-backed slots backed by a substrate-integrated waveguide (SIW) cavity. The SIW cavity is excited by a coupling slot fed by a microstrip-ridge gap waveguide formed in the air gap between the upper and lower PCBs. The designed 2×2-slot element is considered in an infinite array environment. A sample 32×32 slot array aperture is simulated using infinite array approach and the relative bandwidth of 16% over 57-66GHz frequency range with the directivity of more than 38 dBi over the operating bandwidth is obtained. The simulations are verified by measurements on a smaller 4×4 slot array surrounded by dummy elements.
INTRODUCTION
Slot array antennas are an interesting type of antennas that has been widely used in radar and communication applications at which high gain and narrow radiation patterns are required. By using hollow waveguide corporate distribution network, high radiation efficiency can be achieved since the transmission loss is very low [1] [2] [3] [4] [5] .
The corporate distribution networks in [2] [3] are single layer rectangular waveguide structures and the bandwidth of at most 9.5% is achieved. By a multi-layer distribution network it is possible to provide wider bandwidth, but cost and complexity increase. In [4] [5] slot array antennas with a doublelayer distribution network are proposed, providing the bandwidth of 12-15% and efficiency of around 80%.
In all the structures presented in [1] [2] [3] [4] [5] , the great challenge is the cost and difficulty of antenna fabrication, in particular at high frequencies. Then, it becomes difficult to achieve good conductive contact between the metal parts used to realize the hollow waveguide structure.
The gap waveguide technology was introduced in 2009 as an alternative to hollow waveguides and microstrip lines at high frequencies with performance close to that of rectangular waveguides if the dimensions are properly chosen [6] [7] . The gap waveguides are realized between two parallel flat metal surfaces, one of them with a texture, and there is no need to electrical contact between them. This represents a manufacturing advantage for multi-layer structures in particular at millimeter waves.
The gap waveguides exist in different forms depending on the topology of the textured surfacce [8] : ridge gap waveguides, groove gap waveguides, and microstrip gap waveguides. The textured surface contains also quasi-periodic elements that confine the waves inside the gap to the desired ridges, grooves and microstrip lines. The quasi-periodic elements have normally the form of metal pins, but they can also be mushrooms in PCBs, or simply metalized via holes like in the present paper. The ridge gap waveguide was experimentally demonstrated in [9] , the inverted microstrip gap waveguide in [10] , and the microstrip-ridge gap waveguide with mushrooms in [11] . The gap waveguides can also be used to package microstrip circuits [12] and MMICs [13] . The low loss characteristics are proven by the high-Q groove gap waveguide filter in [14] .
The antenna in the present paper makes use of two parallel PCBs with no requirement to conductive contact between them. This two-PCB solution has become possible by combining ridge gap waveguide and SIW technologies. The two PCBs are separated by a small air gap. The gap waveguide ridges are realized by microstrip lines with grounded via-holes, 978-88-907018-4-9/14/$31.00 ©2014 IEEE and the gap waveguide pins are realized by metallized viaholes with a pad on top distributed on both sides of the microstrip-ridge line as shown in the lower PCB in Fig. 1 . The present paper presents the numerical design of a 2×2-slot subarray for operation between 57 and 66 GHz (16%) and for use in a large 32×32 slot array. The backed cavity of the 2×2-slot element is implemented using substrate integrated waveguide (SIW) technology, and the distribution network is implemented in the airgap between the upper and lower PCBs using microstrip-ridge gap waveguide technology.
II. ANTENNA CONFIGURATION
The 2×2-slot subarray is shown in distributed 3-D view in Fig. 1 , which clearly illustrates the two double-sided PCBs. Four radiating slots are backed by an SIW cavity, and the distribution network is formed by the microstrip-ridge gap waveguide between the upper and lower PCBs. The coupling between the upper PCB and the feed network is provided by a coupling slot. The 2×2-slot subarrays are separated by SIW corrugations in E-plane direction. In Fig. 2 we have shown a sample 4×4 slot array only to illustrate how the SIW corrugations are integrated in the array topology. A single SIW corrugation is located between each subarray in E-plane and appears as a dielectric-filled longitudinal cavity under a long slot and with via hole walls, filling the space between neighboring subarrays in E-plane only. This works as a soft surface to reduce sidelobes due to the wide radiation patterns of the slot subarrays in E-plane and in particular at 90°. The slot subarrays patterns are much better in H-plane, so there is no need for corrugations in H-plane. The SIW corrugations also reduce mutual coupling between subarrays. The reduced mutual coupling between subarrays made it easier to impedance match the subarrays in the infinite array environment. The radiating slots are uniformly spaced in both x and y directions with distances smaller than, but close to, one wavelength, in order to both minimize the grating lobe level and get the highest possible directivity of a large 32×32 slot array.
In the design of the 2×2-slot subarray, we took the mutual coupling between subarrays into consideration by analyzing the 2×2-slot subarray in an infinite two-dimensional array.
III. SIMULATION RESULTS
The simulated reflection coefficient of the designed 2×2-slot subarray in an infinite array environment is shown in Fig.  3 . We observe that S 11 is lower than -10 dB over the desired 16% frequency band. In Fig. 4 , the E-& H-plane radiation patterns of the large 32×32 slot array is shown at 61.5 GHz (the center of operating bandwidth). As expected, the grating lobe level in E-plane is higher than that in H-plane, but in both planes the grating lobe level is acceptable for the considered application. It is observed that in E-& H-planes the grating lobe level is below -10dB and -20dB respectively.
In Fig. 5 the directivity of the 32×32 slot array aperture is illustrated versus frequency. The largest directivity value is 39 dB and minimum value over the band is 0.7 dB lower. 
IV. VALIDATION ON 4×4 SLOT ARRAY WITH SURROUNDING DUMMY SLOTS
We decided to build a small array consisting of 4×4 slots, i.e. a 2×2 array of 2×2-slot subarrays. This array is too small to verify the design approach regarding the element spacing and grating lobe suppressions. However, it is large enough to validate if we have good control of the radiation characteristics using HFSS, and the effect of the SIW corrugations. The distribution network is fully branched as shown in Fig. 6 , feeding the 4 subarrays with equal amplitude and phase. It is realized in microstrip-ridge gap waveguide with a 90° transition to WR15 rectangular waveguide fixed to the back side of the lower PCB. The feed network is optimized in order to have minimum return loss over the operating bandwidth.
The constructed validation antenna is shown in Fig. 7 . The centered 4×4 slot array is excited by the corporate feed network and the other surrounding slots are dummy elements. In Fig. 8 the measured reflection coefficient of the full 4×4 slot array with dummy slots is compared with simulations full wave simulations, and with simulations of the 2×2-slot subarray in an infinite array environment. We see good agreement between results of full wave simulation, infinite array approach and measurement. The full wave simulation result shows good impedance matching (S 11 -10dB) within the frequency range of 56.37-65.43 GHz (16%) which is close to the result obtained by infinite array approach. The measured S 11 is matched better than -10 dB between 55.7 GHz and 65.2 GHz (17%). .
The simulated and measured E-and H-plane radiation patterns of the designed 4×4 slot array antenna are shown in Fig. 9 at three frequencies over its operating bandwidth. The simulations include also here the full-wave approach including dummy slots, and an infinite array approach using the 2×2 subarray as the element. We decided to measure the radiation patterns at exactly the same frequencies as we did the simulations, in order to validate the results obtained by the full wave and infinite array approaches. We can finally observe quite good agreement between the results obtained by full wave simulations, infinite array approach, and measurements.
In Fig. 9 we can see that for the frequencies of 62GHz and 66GHz, the grating lobe level is higher than -10dB. This is due to the small size of the validation antenna (4×4 slots only). For a big array (eg. 32×32 slot array), the grating lobe level will become lower than -10dB as illustrated in Fig. 4 which is simulated by the same infinite array approach that showed high sidelobes for a 4×4 slot array in Fig. 9 .
V. CONCLUSION
We have numerically designed a wideband planar slot array antenna at 60 GHz using microstrip-ridge gap waveguide and SIW technologies. The two-PCB technology combined with wide bandwidth and good radiation patterns make the proposed structure attractive for practical 60 GHz applications. A sample 4×4 slot array antenna was fabricated to verify the design approach regarding the element spacing and grating lobe suppressions and to validate if we have good control of the radiation characteristics and the effect of SIW corrugations. Good agreement between measured and simulated results was finally obtained.
